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MafB Is an Interaction Partner and Repressor
of Ets-1 That Inhibits Erythroid Differentiation
Michael H. Sieweke, Hildegard Tekotte, which differ in their N-terminal transactivation domain.
Jonathan Frampton, and Thomas Graf p68ets-1 is of particular interest because it represents
European Molecular Biology Laboratory the cellular homolog of the v-Ets oncoprotein, which is
Meyerhofstrassel 69117 encoded as a fusion protein with v-Myb by the E26
Heidelberg leukemia virus (Leprince et al., 1983; Nunn et al., 1983).
Federal Republic of Germany Within the hematopoietic system, v-Ets appears pre-
dominantly to affect the growth and differentiation of
erythroid cells. Thus, it transforms erythroid cells and
enhances the erythroid transformation potential ofSummary
v-ErbA and v-Myb (Metz and Graf, 1991, 1992). Ets-1 is
expressed in erythroblasts transformed by the v-erbAUsing a yeast one-hybrid screen with a DNA-bound
Ets-1 protein, we have identified MafB, an AP-1 like and v-erbB-containing avian erythroblastosis virus
protein, as a direct interaction partner. MafB is specifi- (Ghysdael, 1986) and in erythroblasts of early yolk sac
cally expressed in myelomonocytic cells and binds to of the chick embryo (QueÂ va et al., 1993). Together with
the DNA-binding domain of Ets-1 via its basic region the finding that Ets-1 is capable of activating promoters
or leucine±zipper domain. Furthermore, it represses of erythroid genes (Seth, 1993; J. F. et al., unpublished
Ets-1 transactivation of synthetic promoters con- data), these data suggest that it plays a role in early
taining Ets binding sites and inhibits Ets-1±mediated erythroid differentiation.
transactivation of the transferrin receptor, which is It is unknown whether Ets-1 activity is regulated by
known to be essential for erythroid differentiation. Ac- direct interactions with other transcription factors in he-
cordingly, overexpression of MafB in an erythroblast matopoietic cells. In other systems, Ets-1 has been
cell line down-regulates the endogenous transferrin shown to cooperate with various transcriptional activa-
receptor gene and inhibits differentiation without af- tors in regulating gene activity (GeÂ gonne et al., 1993;
fecting cell proliferation. These results highlight the Giese et al., 1995), such as with the basic region±leucine
importance of inhibitory interactions between tran- zipper (b±Zip) AP-1 family (Wasylyk et al., 1990). In addi-
scription factors in regulating lineage-specific gene tion, a number of promoters contain functionally impor-
expression. tant AP-1 and Ets±responsive elements in close proxim-
ity (Gutman and Wasylyk, 1990; Nerlov et al., 1991;
Wasylyk et al., 1991). It has also been shown that the
Introduction Drosophila Ets homolog pointed and the AP-1 protein
D-Jun both lie at the endpoint of the Ras/MAP kinase
The phenotype of a differentiated cell is ultimately deter- signal transduction pathway (Bohmann et al., 1994;
mined by the set of its active genes. Since the execution Brunner et al., 1994; O'Neill et al., 1994) and cooperate
of a particular gene-expression program is only rarely in the induction of R7 photoreceptor cells (Treier et al.,
triggered by a single ªmaster gene,º it has been pro- 1995). AP-1±like factors have recently also been impli-
posed that this usually requires the combinatorial action cated in erythroid differentiation. Thus, several erythroid
of several transcription factors (Ness and Engel, 1994; promoters have been shown to contain functionally rele-
Orkin, 1995). It has been assumed that this is due to the vant binding sites with a core AP-1 recognition se-
simple additive effect of the factors present, and also quence (Higgs and Wood, 1993). These sites are recog-
that it involves protein±protein interactions that can fur-
nized by the heterodimeric transcription factor NF-E2,
ther modify the activities of the individual partners and
which consists of two bZip-type factors, a hematopoi-
thus increase the options for activation of diverse ge-
etic-specific 45 kDa subunit (Andrews et al., 1993a; Neynetic programs. Such regulatory interactions with other
et al., 1993) and a broadly expressed 18 kDa subunit thatfactors are well described for the Ets proteins, a family
belongs to the AP-1±related Maf family of transcriptionof transcription factors containing a characteristic helix±
factors (Andrews et al., 1993b; Igarashi et al., 1994).turn±helix DNA-binding domain (Janknecht and Nord-
In the present study, we have searched for directheim, 1993; Treisman, 1994). For example, complex for-
protein interaction partners of Ets-1 that might modifymation of the Ets protein Elk-1/SAP-1 with serum
its activity, using a yeast one-hybrid screen. We haveresponse factor dimers is critical for regulation of the
identified MafB, a bZip protein of the Maf family, as suchc-fos promoter (Dalton and Treisman, 1992); the Ets-
a partner. This protein is highly expressed in myelomo-related protein GABPa forms heterotetramers with
nocytic but not in erythroid cells. Its overexpression inGABPb to activate immediate early promoters of HSV-1
erythroblasts inhibits transactivation of the transferrin(LaMarco et al., 1991); and the association of the Ets
receptor gene by Ets-1 and represses erythroid differen-family member Pu.1/Spi-1 with NF-EM5/Pip1 is impor-
tiation. These results demonstrate a functional interac-tant for the regulation of immunoglobulin light chain
tion between members of the Ets and Maf protein fami-enhancers (Eisenbeis et al., 1995).
lies in the hematopoietic system and suggest that theMuch less is known about protein partners of Ets-1,
repression of Ets-1 by MafB plays a role in the regulationthe founding member of the family. Ets-1 occurs in two
alternatively spliced isoforms, p54ets-1 and p68ets-1, of lineage-specific gene expression.
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of specifically binding DNA (Lim et al., 1992). To obtain
a reporter plasmid, we inserted five multimerized Ets
binding sites (EBS) from the polyoma virus enhancer
into a minimal cyc-1 promoter controlling a lacZ gene
(Figure 1A, map 3). We constructed a cDNA library, as
a source of potentially interacting proteins, from the
quail cell line QT6 in a yeast expression vector tagged
with the transcriptional activation domain from VP16 of
HSV (Figure 1A, map 4). We chose QT6 cells because
transient transfection experiments suggested that they
contain cofactors that can modulate Ets-1 activity (Lim
et al., 1992).
The screen was performed by transforming the library
into a yeast strain containing both the reporter and the
EtsDTA constructs. To avoid counterselection of colo-
nies in which protein interactions would result in a
growth disadvantage, cells were initially plated on glu-
cose medium, where the transcription of the bait and
the cDNA clones was repressed until small colonies had
formed. These were then shifted to galactose medium
to induce expression of the EtsDTA and the library
constructs (which were both controlled by gal-respon-
sive promoters). Of 1.2 3 106 primary transformants
screened, 58 clones were scored positive after two re-
screens. In subsequent plasmid loss experiments, we
identified 5 clones that were dependent on both the
Ets-1 construct and the library plasmid for reporteractiv-
ity. One of these clones (99) was selected for further
characterization. Analysis of the other clones is in prog-
ress and will be published elsewhere.
An Ets-1 Interacting Clone Encodes a bZip
Protein of the Maf Family
To confirm that the activation of the reporter construct
truly required the interaction of clone 99 with Ets-1, we
Figure 1. Interaction of Ets-1 and MafB in a Yeast One-Hybrid
performed control transformations of the original yeastSystem
strain with combinations of either the Ets bait, the EBS(A) Maps of the constructs used. 1) Coding region of p68ets-1. 2)
reporter, and the VP16-tagged cDNA,or thecorrespond-Galactose-inducible bait construct consisting of a truncated Ets-1
ing parental control constructs. Reporter activity re-(EtsDTA), lacking transactivation domains. DBD, DNA binding do-
main. 3) Reporter plasmid with the lacZ gene under the control of quired the presence of Ets-1, EBS in the reporter con-
5 multimerized EBS. 4) Galactose-inducible cDNA library expression struct, and VP16-tagged clone 99 (Figure 1B, lane 1).
construct tagged with VP16 (closed box). HIS3, TRP1, URA3 indicate Removal of either component resulted in lossof reporter
auxotroph markers and (2 m, CEN) replication origins utilized in the
activity (Figure 1B, lanes 2±4).plasmids.
Sequence analysis revealed that clone 99 encoded(B) Reporter activity in response to Ets-1 interaction with clone 99
an in-frame fusion of VP16 with the major part of a bZip(MafB). A reporter construct with or without EBS was coexpressed
with EtsDTA and VP16-tagged cDNA of clone 99 (MafB) or the corre- protein of the Maf family. cDNA sequences encoding
sponding empty vector in the indicated combinations. b-galactosi- the missing 28 N-terminal amino acids and the 59 un-
dase activity was measured in a quantitative enzyme assay. translated region of the gene were cloned by a nested
polymerase chain reaction (PCR) approach from the
same cDNA library. Sequence comparisons showed al-Results
most complete identity to chicken MafB (Kataoka et al.,
1994) and high homology to the product of the murineIdentification of cDNA Clones Encoding
kreisler gene (Cordes and Barsh, 1994) with a 99.0%Ets-1 Binding Proteins with a Yeast
and 84.8% sequence identity at the amino acid levelOne-Hybrid Screen
and a 97.7% and 80.9 % identity at the nucleotide level,
We designed a yeast one-hybrid screen with an Ets-1
respectively.
bait that, unlike those used in standard two-hybrid ap-
proaches, does not involve a fusion to a heterologous
DNA-binding domain, because we reasoned that a DNA- Ets-1 and MafB Interact in Solution
and in Vertebrate Cellsbound Ets-1 molecule would more faithfully detect au-
thentic interactions with other transcription factors. As To determine whether Ets-1 also directly interacts with
MafB in solution, a glutathione S-transferase (GST) pull-a bait, we constructed an Ets-1 molecule of p68ets-1 lack-
ing the two transactivation domains (Schneikert et al., down assay was employed. For this purpose, a fusion
of EtsDTA with the C-terminus of GST was immobilized1992; EtsDTA; Figure 1A, maps 1, 2) that was still capable
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Figure 3. Mapping of the Interaction Sites in Ets-1 and MafB
(A) Deletion analysis of Ets-1. N- and C-terminal deletion mutants
of EtsDTA fused to GST were tested for association with in vitro
translated 35S-labeled MafB and analyzed by SDS-PAGE. Left, sche-
matic drawing of constructs. The first and last amino acids from
chicken p68ets-1 present in the deletions are indicated. Construct 106
corresponds to GST-EtsDTA. Right, Coomassie blue staining and
Figure 2. Interaction of Ets-1 and MafB in Solution and in Avian autoradiography of the same SDS±PAGE gel.
Cells (B) Deletion analysis of MafB. N- and C-terminal truncations of MafB
(A) Interaction in solution. In vitro translated [35S]methionine±labeled were tested for association with GST±EtsDTA (construct 106) or
p68ets-1 (lane 2) or MafB (lane 3) were incubated with affinity matrix± GST control (construct 109) as described above. Molecular mass
bound GST (lanes 4, 8), GST±EtsDTA (lanes 5 and 9), GST±Fynunique markers (in kDa) are indicated on the right.
domain (lane 6), or GST±Src SH3 domain (lane 7), washed, resus-
pended in SDS sample buffer, and analyzed by SDS-PAGE. Coo-
massie blue staining and autoradiography of the same gel are
To demonstrate an interaction in avian cells, weshown. Lane 1, unprogrammed reticulocyte lysate labeled with [35S]
initially attempted to coimmunoprecipitate full-lengthmethionine. Molecular mass markers (in kDa) are indicated on the
right. MafB and Ets-1. However, all of MafB and most of Ets-1
(B) Interaction in vivo. QT6 cells were transfected with expression proteins cofractionated with the insoluble fraction of
constructs for His6-Ets/118 and HA-MafBDN (lane 1) or His6-Ets/ nuclear extracts, suggesting a tight association with
118 (lane 2) or HA-MafBDN (lane 3) alone. His6-Ets/118 was isolated
chromatin. We therefore used deletion mutants of Ets-from [35S]methionine-labeled cell lysates on a Ni21 resin. Complexed
1 (deletion #118) and MafB (MafBDN) that areextractableproteins were eluted with 1 M NaCl and, after dilution to physiologi-
under mild conditions and can still bind to each othercal salt concentrations, HA-MafBDN was reprecipitated with an aHA
antibody. Molecular mass markers (in kDa) are indicated on the (Figure 3). For efficient precipitation and detection, the
right. Ets-1 mutant was tagged with a His6-stretch and the
MafB mutant with an influenza virus hemagglutinin epi-
tope (HA). QT6 cells were cotransfected with these con-
structs and labeled with [35S]methionine. After mild de-on a glutathione affinity matrix and incubated with in
vitro translated [35S]methionine-labeled MafB. As shown tergent lysis and sonication, cell lysates were incubated
with a Ni21 affinity matrix to immobilize the His6-taggedin Figure 2A, lane 9, MafB bound to GST-EtsDTA. In
contrast, GST alone or GST fused to other protein± Ets-1. Proteins complexed with Ets-1 were then eluted
with 1 M NaCl, reprecipitated with an a-HA antibodyprotein interaction domains, such as the c-Src SH3 do-
main or the Fyn unique domain, failed to retain MafB and analyzed by SDS±polyacrylamide gel electrophore-
sis (SDS±PAGE). As shown in Figure 2B, MafB could be(Figure 2A, lanes 6±8). Likewise, in vitro translated full-
length Ets-1 did not bind to GST-EtsDTA (Figure 2A, reprecipitated when the cells had been transfected with
both Ets-1 and MafB constructs (lane 1), but not whenlanes 4 and 5).
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they had been transfected with either of them alone
(lanes 2 and 3). Identical results were obtained when
MafB was detected by Western blotting of the Ni21 ma-
trix-bound material (data not shown).
Ets-1 and MafB Interact via Their DNA
Binding Domains
To localize the interaction site on Ets-1, we generated
GST fusion constructs of several Ets deletion mutants
and tested them for binding of in vitro translated MafB
(Figure 3A). Whereas the C-terminal deletions abolished
interaction (constructs 116 and 117), the N-terminal de-
letion of amino acids 282±377 (construct 118) showed
full binding activity, indicating that the exon VII domain, Figure 4. Tissue Distributionof mafB and ets-1 Expressionas Deter-
encoded by this sequence, is dispensable for the inter- mined by Northern Blotting
action. However, further deletion into the DNA binding (A) mafB expression in tissues from a 3-week-old chick. Lane 1,
domain of Ets-1 (constructs 119 and 120) abolished in- bone marrow; lane 2, brain; lane 3, bursa; lane 4, intestines; lane 5,
heart; lane 6, liver; lane 7, skeletal muscle; lane 8, spleen.teraction. The results of the biochemical assay could
(B) mafB expression in avian cell lines. Lane 1, QT6 fibroblasts; lanealso be confirmed in yeast interaction assays. While
2, RPL-12 B cells; lane 3, NPB-4 T cells; lane 4, MSB-1 T-cells;amino acids 282±372 of Ets-1 (exon VII) fused to the
lane 5, HD3 erythroblasts; lane 6, HD37 erythroblasts; lane 7, HD50
bacterial LexA DNA-binding domain failed to bind the multipotent progenitors; lane 8, HD50±3DA eosinophils; lane 9,
VP16±MafB fusion (as monitored by the activation of a HD50±4/8 eosinophils; lane 10, HD13 promyelocytes; lane 11,
Lex operon reporter construct), the Ets-1 DNA-binding BM2C2 monoblasts; lane 12, HD11 macrophages.
(C) mafB expression in transformed primary myelomonocytic cells:domain alone (amino acids 377±485) did (data not
wild-type E26-transformed cells at 378C (lane 1) and at 428C (laneshown).
2); ts21E26-transformed myeloblasts at 378C (lane 3) and shifted forWe also further localized the interaction site on MafB
48 hr to 428C (lane 4).
by testing in vitro translated deletion mutants for their (D) mafB expression in primary normal chicken cell cultures: lane
ability to bind to GST-EtsDTA. A deletion of the complete 1, chicken embryo fibroblasts passaged five times; lane 2, peritoneal
C-terminal DNA-binding and leucine±zipper domain macrophages; lane 3, bone marrow±derived macrophages; lanes
4±8, Percoll gradient fractions of bone marrow from a 3-week-old(MafBDC) completely abolished the interaction. In con-
chick (lane 4 contains cells of a density of approximately 0.6 g/cm3trast, the reciprocal N-terminal deletion upstream of the
and lane 8, cells of 1.0 g/cm3).bZip region (MafBDN) did not diminish binding to Ets-1
(E) ets-1 Expression in myelomonocytic cells; lane 1, BM2C2 mo-
(Figure 3B). These results indicate that the basic region± noblasts; lane 2, primary peritoneal macrophages; lane 3, bone mar-
leucine zipper domain of MafB interacts with the DNA row±derived macrophages. Hybridization with GAPDH (a, b, d, e) or
binding domain of Ets-1. 28S (c) is shown in the lower panels.
expression increased dramatically after temperatureMafB Is Specifically Expressed
in Myelomonocytic Cells shift. The specific expression of mafB in myelomono-
cytic cells was also confirmed in normal cells. Both peri-To uncover the functional consequences of the interac-
tion of MafB with Ets-1, we first analyzed the expression toneal and bone marrow±derived primary chicken mac-
rophages strongly expressed mafB (Figure 4D, lanes 2pattern of mafB mRNA in various chicken tissues. We
found high expression levels in bursa, gut, liver, and and 3). In addition, mafB message was detected in den-
sity gradient±separated bone marrow fractions thatspleen; intermediate levels in bone marrow; low levels
in brain; and none in skeletal muscle and heart (Figure were enriched for myelomonocytic cells (Figure 4D,
lanes 6 and 7). Finally, MafB protein could also be de-4A). Whereas mafB was expressed in the QT6 cell line
(Figure 4B, lane 1), it could not be detected in primary tected in HD11 macrophages by Western blotting using
cross reacting anti c-Maf antibodies (data not shown).chicken embryo fibroblasts (CEF; Figure 4D, lane 1). We
also analyzed several chicken cell lines representing Since Ets-1 expression in myelomonocytic cells has
not yet been reported, we analyzed whether Ets-1 wasvarious hematopoietic lineages. Whereas mafB mes-
sage was found to be highly expressed in the monoblast co-expressed with MafB in these cells. As shown in
Figure 4E, Ets-1 is indeed expressed in both the mo-BM2C2 and the macrophage HD11 cell line, it could not
be detected in B cell, T cell, erythroblast, multipotent noblast cell line BM2C2 and in peritoneal and bone mar-
row±derived primary macrophages.progenitor, eosinophilic, or promyelocytic cell lines (Fig-
ure 4B). Weak expression was also found in primary
E26-transformed myeloblasts (Figure 4C, lanes 1±3). To MafB Inhibits Transactivation by Ets-1
To elucidate whether MafB has an effect on the trans-determine whether changes in expression levels of mafB
occur during myelomonocytic differentiation, we ana- activation capacity of Ets-1, we performed transient co-
transfection assays in QT6 cells, using a reporter withlyzed myeloblasts transformed by a mutant E26 virus
(ts21E26) carrying a temperature-sensitive allele of the five multimerized Ets binding sites and an expression
construct of p68ets-1 driven by a cytomegalovirus (CMV)v-myb gene. These cells can be induced to differentiate
into macrophages by shift to the nonpermissive temper- enhancer±promoter. MafB repressed the transactiva-
tion by Ets-1 but had no effect on the basal activity ofature (Beug et al., 1984). As shown in Figure 4c, mafB
MafB Is An Interaction Partner and Repressor of Ets-1
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Figure 5. Repression of Ets-1 Transactivation Potential by MafB
(A) Effect of MafB on Ets-1 transactivation in avian cells. QT6 cells were cotransfected with a luciferase reporter construct containing five
multimerized EBS together with expression constructs for p68ets-1 (plus, 1 mg) or MafB (plus, 1 mg), as indicated. Luciferase activities are
expressed as percentage of transactivation obtained with Ets-1 only. Assays were performed in triplicate and normalized to b-galactosidase
activity from a cotransfected LTR±lacZ vector.
(B) Effect of MafB on Ets-1 transactivation in yeast. S. cerevisiae was cotransfected with a lacZ reporter plasmid containing three multimerized
EBS together with p68ets-1 or MafB (without VP16 tag) expression constructs as indicated. b-galactosidase activities were expressed as
percentage of transactivation obtained with Ets-1 only. Assays were performed in triplicate and normalized to cell number.
(C) Effect of MafB on v-Myb transactivation in avian cells. QT6 cells were cotransfected with a luciferase reporter construct containing three
Myb binding sites (MBS) together with expression constructs for v-Myb (plus, 1 mg) and MafB (plus, 1 mg) as indicated. Luciferase activities
are expressed as percentage of transactivation obtained with v-Myb only. Assays were performed intriplicate and normalized to b-galactosidase
activity from a cotransfected LTR±lacZ vector. Bars indicate standard error of the mean.
the reporter (Figure 5A). This effect was not due to an together with combinations of expression constructs for
p68ets-1 and MafB. As shown in Figure 6A, MafB almostinfluence on the CMV enhancer±promoter, since a lucif-
erase reporter driven by this promoter was not affected completely suppressed the activation by Ets-1 but had
no effect on the basal activity of the TfR construct. MafBby MafB cotransfection and no changes in Ets-1 protein
levels were observed by Western blotting (data not also repressed the activity of endogenous Ets-1 on the
TfR promoter. Transfection of increasing amounts ofshown).A repressiveeffect of MafBon Ets-1transactiva-
tion was also observed in yeast. The activation of an MafB expression plasmid into the Ets-1-expressing
(Ghysdael et al., 1986) erythroblast cell line HD3 re-EBS reporter plasmid by p68ets-1 was repressed 3- to
4-fold by MafB coexpression (Figure 5B). Furthermore, pressed a cotransfected TfR reporter in a dose-depen-
dent manner (Figure 6B). A promoter with a mutation inthe repression by MafB was not due to a general
repressive effect on transcriptional activation, since the Ets binding site that abolished Ets-1 DNA binding
(data not shown) had a dramatically reduced activity inMafB showed no effect on transactivation by v-Myb
(Figure 5C). HD3 cells. This basal activity was not further repressible
by MafB, emphasizing the Ets-1-specific effect of MafB
(Figure 6B). Finally, to investigate whether MafB alsoMafB Represses the Transactivation of the
Transferrin Receptor Gene by Ets-1 repressed the endogenous transferrin receptor gene,
we stably transfected HD3 erythroblasts with a MafB/Ets-1 is expressed in early erythroid cells (Ghysdael et
al., 1986; QueÂ va et al., 1993) and activates erythroid neoR expression plasmid followed by G418 selection. As
shown in Figure 6C, four randomly chosen HD3 clonesgenes such as the transferrin receptor (J. F. etal., unpub-
lished data; Seth et al., 1993). To investigate whether overexpressing MafB showed approximately a 2.5-fold
lower level of TfR mRNA than four randomly chosenthe inhibitory effect of MafB on Ets-1 activity plays a
role in the repression of erythroid genes, we studied the control clones (transfected with a neoR control vector).
This was also reflected in reduced cell±surface immuno-transferrin receptor (TfR). This protein is expressed at
very high levels in erythroblasts to satisfy the need for fluorescence staining of TfR (data not shown).
iron in hemoglobin synthesis (Chan et al., 1989; Horton,
1983; Hu et al., 1977; Iacopetta et al., 1982; Sieff et al., Overexpression of MafB in Erythroblasts
Suppresses Erythroid Differentiation1982) but only at low levels in myelomonocytic cells
(Omary et al., 1980; Sieff et al., 1982). To test whether It has been demonstrated that interfering with heme
synthesis inhibits erythroid differentiation. Thus, inhibi-MafB affects the transactivation of the TfR by Ets-1, we
transfected QT6 cells with a luciferase reporter gene tion of transferrin receptor recycling blocks the differen-
tiation of both primary and established erythroblastsdriven by a 2117 to 155 fragment of the TfR promoter
Cell
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Figure 6. Effect of MafB on the Potential of Ets-1 to Transactivate the TfR Gene
(A) Effect of MafB on exogenous Ets-1 activity on a TfR promoter construct. QT6 cells were cotransfected with a luciferase reporter gene
driven by the TfR promoter (-137 to 155) together with expression constructs for p68ets1 (plus, 0.5 mg) and MafB (plus, 0.5 mg) as indicated.
Luciferase activities are expressed as percentage of transactivation obtained with Ets-1 only. Assays were performed in triplicate and normalized
to b-galactosidase activity from a cotransfected LTR±lacZ vector.
(B) Effect of MafB on a TfR promoter construct in erythroblasts. HD3 erythroblasts were cotransfected with a luciferase reporter construct
driven by a minimal TK promoter, a TfR promoter (TfR wild-type), or a TfR promoter with a 3 nt substitution in its EBS (TfR mut) together with
increasing amounts (plus, 0.5 mg; double plus 1 mg) of MafB expression plasmid. Activities are expressed as percentage of values obtained
with TfR only. Assays were performed in triplicate and normalized to b-galactosidase activity obtained with a cotransfected LTR±lacZ vector.
Bars indicate standard error of the mean.
(C) Transferrin receptor mRNA levels of HD3 control clones compared with clones stably expressing MafB. Total RNA (20 mg) from each of
four clones were subjected to Northern analysis with a TfR probe, and the bands obtained were quantified with an image analyzer. The band
intensities were normalized to the band intensities from a reprobing of the same gel with GAPDH.
transformed by a ts mutant of the avian erythroblastosis domain of Ets-1. MafB is specifically expressed in the
virus (Killisch et al., 1992; Schmidt et al., 1986). There- myelomonocytic lineage of the hematopoietic system
fore, we examined whether the observed MafB-medi- and represses Ets-1±mediated transactivation of the
ated repression of Ets-1 activity on the TfR resulted in transferrin receptor gene. Consistent with the known
an inhibition of differentiation. As shown in Figure 7A, requirement for transferrin receptor activity for erythroid
expression of both a- and b-globin was dramatically differentiation, overexpression of MafB in erythroblasts
reduced in the MafB±HD3 clones compared with the inhibits their differentiation into erythrocytes. These
vector-transfected control clones, suggesting that MafB results raise the possibility that MafB represses Ets-1±
indeed represses erythroid differentiation. To explore responsive erythroid genes in the myeloid lineage.
this possibility further, HD3 cells were induced to differ-
entiate terminally by shifting them from 358C±428C, the
Mechanism of Ets-1 Repression by MafBnonpermissive temperature (Beug et al., 1982a, 1982b;
Several mechanismshave been implicated in the repres-Graf et al., 1978). As shown in Figure 7B, in the five
sion of transcriptional activation (Johnson, 1995): first,control clones tested, more than 60% of the cells differ-
interference with DNA binding of an activator protein;entiated into hemoglobin-positive cells within 80 hr at
second, interference with the general transcriptional428C. By contrast, the five MafB clones tested showed
machinery; and third, interference with the activatordelayed kinetics of hemoglobin expression and exhib-
function of a DNA-bound activator. The first mechanismited only 30% positive cells after 80 hr of temperature
can be excluded, since activation of the reporter geneshift. This was reflected in the reduced levels and de-
in the yeast one-hybrid assay requires DNA binding oflayed kinetics of a- and b-globin expression in two ran-
Ets-1. MafB also does not act on the general transcrip-domly selected MafB clones compared with two control
tion machinery, since it does not ablate basal promoterclones (Figure 7C).
activity or affect the transactivation by v-Myb. The mostSince MafBhas been reportedto transform fibroblasts
plausible mechanism, therefore, is that the activator(Kataoka et al., 1994), the inhibition of erythroid differen-
function of DNA-bound Ets-1 is masked by the interac-tiation by MafB could simply have been due to an in-
tion with MafB.creased proliferative rate of the transfected cells. This
DNA binding of MafB, on the other hand, does notexplanation could be excluded, however, since nodiffer-
appear to be necessary for the interaction with Ets-1 orence in the growth rate between MafB-expressing HD3
for its repressor function, as demonstrated by the in vitroclones and the control clones was found (Figure 7D).
interaction assays and the absence of Maf recognition
elements in the studied promoters. However, the possi-Discussion
bility remains that MafB would also repress Ets-1 on a
promoter where both proteins bind to DNA.In the present study, we have identified MafB as a direct
Besides the repressor function demonstrated in thisinteraction partner of Ets-1. This interaction occurs be-
tween the bZip domain of MafB and the DNA-binding study, MafB has also been shown to activate synthetic
MafB Is An Interaction Partner and Repressor of Ets-1
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Figure 7. Effect of MafB on Erythroid Cell Differentiation and Growth
(A) Northern blot analysis of a- and b-globin gene expression in control and MafB-expressing HD3 clones grown at 358C. Clone numbers are
indicated.
(B) Hemoglobin-positive cells in control or MafB-expressing HD3 clones at different times after shift from 358C±428C (closed symbols) or
maintained at 358C (open symbols). Circles, MafB clones; triangles, control clones. Each point represents the average of five clones measured
at various timepoints after temperature shift. Bars indicate standard error of the mean.
(C) Time course of globin gene expression after temperature shift from 358C±428C as detected by Northern blotting. Times after shift (hr) are
indicated on top.
(D) Growth curve of control and MafB-expressing clones. Each point represents the average cumulative cell numbers of the same five clones
as in (B), maintained at 358C or 428C. Bars indicate standard error of the mean.
reporter constructs weakly with multimerized Maf re- however, indicate that AP-1 factors do not always syner-
gize with Ets proteins but can also be repressive. Thecognition elements (Kataoka et al., 1994). Although a
transactivation potential on authentic promoters still re- inhibitory action of MafB represents a novel strategy for
the regulation of Ets activity within the Ets/AP-1 proteinmains to be determined, it is conceivable that MafB
may have a dual function as a repressor or activator network, which also differs from the repression of the
Ets protein pointed by the dominant negative Ets factordepending on the promotercontext, the interaction part-
ner, or both; as is well documented for several other yan in R7 cells of the Drosophila eye (Brunner et al.,
1994; Lai and Rubin, 1992; O'Neill et al., 1994).transcription factors (Bengal et al., 1992; Ponta et al.,
1992; Roberts and Green, 1995).
Mechanism of MafB-Induced Inhibition
of Erythroid DifferentiationImplications for the Cross-Talk Between
Ets and AP-1 Family Proteins Our results indicate that the observed inhibition of ery-
throid differentiation by MafB is a consequence of theAs reviewed in the Introduction, AP-1 and Ets proteins
functionally cooperate according to genetic and molec- repression of Ets-1 activity. More trivial explanations,
such as induction of proliferation or a general block ofular criteria in several systems. In this study, we have
now demonstrated a direct physical interaction between differentiation, can be excluded, since MafB did not
affect growth of theHD3 erythroblasts and MafB expres-members of the two transcription factor families. Inde-
pendently, Bassuk et al. (1995) have also found a direct sion increases dramatically during differentiation of
ts21E26-transformed myeloblasts into macrophages.association of Ets and Jun family proteins. Our results,
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Therefore, the repressive effect on the TfR gene offers Potential Roles of MafB in Lineage-Specific
Gene Expressionthe simplest explanation for the inhibition of erythroid
differentiation by MafB. While the metabolism of all euk- In the hematopoietic system, MafB is expressed specifi-
cally in macrophages and their precursors, in contrastaryotic cells requires iron, hemoglobin synthesis in ery-
throid cells accounts for a vastly increased need for iron with all other Maf family members described so far. The
observed expression in other tissues such as bursa, gut,and high levels of transferrin receptor expression (Chan
et al., 1989; Horton, 1983; Hu et al., 1977; Iacopetta et liver, and spleen may, therefore, to a large extent be
a consequence of the macrophages present in theseal., 1982; Sieff et al., 1982). These high levels are essen-
tial for erythroiddifferentiation, since a 2-to 3-fold inhibi- organs. This assumption is supported by in situ hybrid-
ization experiments in chick embryos, which showedtion of ironuptake with a-TfR antibodieshas been shown
to be sufficient to block the differentiation of HD3 eryth- specific expression of MafB in resident tissue macro-
phages of several organs (M. H. S. and A. Eichmann,roblasts (Killisch et al., 1992; Schmidt et al., 1986). By
contrast, antibodies that completely block receptor unpublished data).
Our results raise the possibility that MafB contributesfunction are cytotoxic, probably reflecting the need for
basic levels of iron in general metabolism. These obser- to the establishment and maintenance of the myelomo-
nocytic phenotype by preventing erythroid-specificvations are consistent with the notion that the observed
2- to 3-fold repression of the endogenous TfR gene by gene expression. This notion is supported by several
observations. First, myelomonocytic cells retain a highMafB in HD3 cells inhibits their differentiation. Further-
more, the finding that the repression of the TfR promoter degree of plasticity in their differentiation potential.
Thus, we have recently shown that ectopic expressionis dependent on Ets-1 binding sites strongly suggests
that the observed down-regulation of the endogenous of GATA-1 in myelomonocytic cell lines can reactivate
the erythroid differentiation program (Kulessa et al.,TfR and the subsequent inhibition of differentiation are
a direct consequence of the binding and repression of 1995). This indicates that erythroid-specific genes are
still accessible to transcriptional activators and sug-Ets-1 by MafB.
Erythroid differentiation can also be blocked by pre- gests a need to keep them repressed during normal
myelomonocytic differentiation. Second, while Ets-1 isventing heme production with specific inhibitors of por-
phyrin biosynthesis (Schmidt et al., 1986). In this context, expressed both in erythroid and myeloid cells, MafB
expression is limited to the latter, where it could act asit is interesting that MafB can also repress Ets-1 trans-
activation of the erythroid-specific promoter of porpho- safeguard against inappropriate Ets-1 activity. Third, in
contrast with its high expression in erythroid cells, TfRbilinogen deaminase (PBGD), an enzyme in this pathway
(unpublished data). Therefore, it is conceivable that the expression decreases during myelomonocytic differen-
tiation (Omary et al., 1980; Sieff et al., 1982; J. F. et al.,repression of other genes required for hemoglobin syn-
thesis, such as PBGD, may also contribute to the ob- unpublished data), correlating with an increase of MafB
expression.served inhibition of erythroid differentiation by MafB.
Our results support a model in which lineage choice in
the hematopoietic system is determined by a reciprocalInfluence on NF-E2 Activity
The activity of several erythroid-specific promoters is relationship between the activation of a particular path-
way and the suppression of another. The differentiationdependent on binding sites for NF-E2 (Higgs and Wood,
1993). Since the small subunit of this heterodimeric tran- along the myeloid versus the erythroid lineage thus may
not only require a distinct combination of transcriptionalscription factor is a member of the Maf family (Andrews
et al., 1993b; Igarashi et al., 1994), one might speculate activators but also the activity of an appropriate set of
inhibitors, one of which could be MafB.that direct interference of MafB with NF-E2 activity could
contribute to the inhibition of erythroid differentiation.
However, several lines of evidence argue against such Experimental Procedures
a mechanism. MafB neither binds to NF-E2 sites (Igara-
shi et al., 1994) nor does it heterodimerize with the small Origin of Cell Lines
Mafs (Kataoka et al., 1994) or the large NF-E2 subunit, The QT6 cell line was derived from a chemically induced quail tumor
and has been described as fibroblastic (Moscovici et al., 1977). Thethe cap `n' collar (cnc) family member p45 (Igarashi et
HD3 cell line was derived from chick erythroblasts transformed withal., 1994). It also does not bind to Ech (M.H.S., H.T., J.F.,
a temperature-sensitive mutant of avian erythroblastosis virus withand T.G., unpublished data), another recently identified
a lesion in v-erbB (Beug et al., 1982a). The origin of the RPL12, REV-chicken p45±related protein of the cnc family (Itoh et
transformed NPB-4, MSB-1, HD37, HD50, BM2C2, and HD11 cell
al., 1995). Furthermore, whereas the small Maf proteins, lines is described in McNagny et al. (1992). The origin of the HD13
supposedly acting as homodimers, strongly repress NF- and HD50±3DA cell lines is described in Kulessa et al. (1995). The
E2 site±containing reporters (Igarashi et al., 1994; Ka- HD50±4/8 eosinophil line has not been published.
taoka et al., 1995), overexpression of the small Maf pro-
tein MafK does not interfere with erythroid differentiation Construction of the cDNA Library
From a subconfluent culture of QT6 cells, poly(A)1 RNA was isolated(Igarashi et al., 1995). This indicates that even the over-
using the protocol of Chomczynsky and Sacchi (1987) followed byexpression of a Maf protein that is supposed to repress
oligo (dT)-cellulose (Pharmacia type 7) affinity purification. TheNF-E2 sites does not necessarily lead to the inhibition
mRNA was reverse transcribed with superscriptTMRNAseH2 reverse
of erythroid differentiation. Taken together, these obser- transcriptase (BRL) using an oligo (dT) primer. The cDNA was in-
vations strongly suggest that direct interference with serted into the yeast expression plasmid SD10 (Dalton and Treis-
NF-E2 activity cannot account for the inhibitory effect man, 1992) with nonpalindromic BstXI adapters (InVitrogen) and
electroporated into Escherichia coli strain INVaF9(InVitrogen). Theof MafB on erythroid differentiation.
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library had a complexity of 2 3 106, and the insert size ranged from were transfected by the lipofectamin method (BRL) with 10 ml of
reagent and 15 min incubation time using 0.2 mg reporter and the0.4±5 kb, with an average of 1.6 kb.
indicated amount of expression plasmids per sample. Cell lysates
were prepared 48±72 hr after transfection and assayed for luciferaseConstruction of the Yeast Ets Reporter Strain
activity, as described in deWet et al. (1987). Transfection efficiencyand Design of the Interaction Screen
was normalized by assaying for b-galactosidase activity expressedThe reporter construct was generated by inserting five head-to-tail
from 0.5 mg of cotransfected RSV±b-galactosidase plasmidligated copies of the oligo 59-TCGAGCAGGAAGTTTCG-39, which
(Bonnerot et al., 1987), as described in Herbomel et al. (1984). Eachcontains the PEA3 Ets binding site from the polyoma virus enhancer
data point was obtained by averagingof triplicate samples, and each(Martin et al., 1988) into the XhoI site of pLG670Z (Guarente and
figure shown is representative for a set of at least two independentPtashne, 1981). The plasmid was converted from uracil- to histidine-
experiments. MafB was expressed from the avian erythroblastosisconferring auxotrophy by inserting a BamHI- excised HIS3 cassette
virus LTR of the pMI3 vector (Introna et al., 1990) and Ets-1 fromfrom YDp-H (Berben et al., 1991) into the blunted ApaI site in the
the CMV enhancer±promoter in the pCRNCM vector (Lim et al.,URA3 marker. The control reporter plasmid contained an equal-
1992). The synthetic Ets responsive reporter contained five multi-length insert lacking Ets binding sites. The bait plasmid was con-
merized PEA3 elements (Martin et al., 1988) in front of a minimalstructed by inserting a PCR-generated fragment coding for amino
thymidine-kinase promoter (Lim et al., 1992). A 2117 to 155 frag-acids 282±485 of chicken p68ets-1 between the BamHI and EcoRI
ment of the human TfR promoter (Owen and KuÈ hn, 1987) was clonedsites of the galactose-inducible expression vector pSD.04a (Dalton
into the luciferase reporter plasmid pXP2 (deWet et al., 1987). Theand Treisman, 1992). Since the ATG from the yeast cyc-1 gene is
Ets binding site at 272 to 279 in the TfR promoter was mutatedused in this plasmid, the amino acid sequence MTGS is fused to
from 59-CAGGAAGT-39 to 59-CAGTACTT-39.the amino terminus of the Ets-1 sequence. The two plasmids were
transformed into the Saccharomyces cerevisiae strain W303±1A
(MATa, ho, his3±11,15; trp1±1; ade2±1; leu2±3,112; ura3; can1±100)
Protein Interaction Assays in Solutionand maintained by selection on SD His2, Trp2 medium. The library
EtsDTA or its derivatives were cloned into the GST fusion vectorwas transformed into the strain by a lithium acetate method as
pGEX-2T (Smith, 1993) using available restriction sites orPCR-medi-described by Gietz and Schiestl (1991) with the modification of add-
ated strategies. The amino acid junctions of the GST vector withing 10% dimethyl sulfoxide before heat shock. Cells were plated on
the Ets sequence (in bold type) are: constructs 106/116, GSPHMGR;nitrocellulose filters on glucose plates lacking histidine, tryptophan,
construct 117, GSPHKFSRG; construct 118, GSPHMLSGSMGPI;and uracil. After 48 hr, when small colonies appeared, the filters
construct 119, GSPHKLS; construct 120, GSPHMLSGSSLL. Thewere transferred to selective plates containing 2% galactose, 40 mg/
GST constructs were transformed into E. coli strain Xl-1 Blue (Stra-ml X-Gal and 100 mM Na-phosphate buffer (pH 7.0). Blue colonies
tagene). Bacteria were grown to an OD600 of 0.6±0.8 and shifted toappearing between 36±96 hr after galactose induction were re-
308C for 3.5 hr after induction of protein expression with 0.1 mMstreaked on selective X-Gal±containing glucose and galactose
IPTG (Sigma). To purify GST proteins, we prepared cell lysates asplates. Only galactose-dependent blue colonies were analyzed fur-
described in Frangioni and Neel (1993) and Smith (1993) and incu-ther and grown for 48 hr in full YPD medium and then replica-plated
bated them with glutathione sepharose 4B resin (Pharmacia) for 1 hron appropriate selective plates to identify colonies that had lost
at 48C, followed by washing with phosphate-buffered saline, 0.05%either the bait (TRP1 marker) or library plasmid (URA3 marker). These
Triton X-100 plus protease inhibitor mix (phenylmethylsulfonyl fluo-clones were restreaked on X-Gal indicator plates to eliminate the
ride, leupeptin, aprotinin, soy bean trypsin inhibitor). In vitro trans-clones not dependent on the library or bait construct for reporter
lated proteins were generated with a rabbit reticulocyte in vitroactivity. Plasmid DNA was isolated from the remaining clones by a
transcription/translation system (TNT [Promega]) using T7 RNArapid purification protocol (Hoffman andWinston, 1987) and retrans-
polymerase and labeling with 100 mCi [35S]methionine/50 ml reticulo-formed into E. coli. Comparison of HaeIII restriction digest patterns
cyte lysate. Reticulocyte lysate (5 ml) was diluted to 200 ml withand Southern blot cross hybridization (Sambrook et al., 1989) of
binding buffer (50mM Tris±HCl [pH 7.5], 150mM NaCl, 0.05% Tritonlibrary plasmids identified three homology groups, one of which
X-100, protease inhibitor mix) and incubated with 10 ml of GSTwas represented by clone 99. Both strands were sequenced for
protein±loaded resin for 1 hr at 48C. After five washes in 1 ml ofverification. The coding sequence for the 28 N-terminal amino acids
binding buffer, the complexes were dissociated in 20 ml sampleand 59 untranslated sequences missing in the initially isolated library
buffer (50 mM Tris±HCl [pH 6.8] 2% SDS, 5% b-ME, 10% glycerol,plasmid were cloned by PCR with two nested specific primers in
0.02% Bromphenol blue) and separated by 12.5% SDS-PAGE (Har-clone 99 (primer 1, 59-GCAGGCGGGTGCAGTGC-39; primer 2, 59-TG
low and Lane, 1988). After staining the gel with Coomassie blue, weCAGTGCCTGCCCGAGCGGTCGTTCC-39) and a primer in VP16 (59-
enhanced it with dimethyl sulfoxide/2,5-diphenyloxazole fluorogra-GCGCTCTGGATATGGCCG-39). Several PCR products of different
phy (Harlow and Lane, 1988) and exposed it to X-ray film for 4±12hr.lengths were sequenced in the coding region of the N-terminus. The
sequence of the 59 untranslated region submitted to the European
Molecular Biology Laboratory databank corresponds to the longest Protein Interaction Assay in Avian Cells
isolated PCR product. Per condition, three 60 mm dishes with 1 3 106 QT6 cells were
cotransfected by the Ca-phosphate method (Graham and van der
Transactivation Assays in Yeast Eb, 1973) with 2 mg each of MafBDN or Ets/118 expression con-
The W303±1A strain was transformed with the indicated combina- structs or both and, after 48 hr, metabolically labeled with 250 mCi
tion of plasmids by the modified lithium acetate method and plated [35S]methionine (1000 Ci/mmol; Amersham) for 5 hr. After washing
under His-, Trp2, Ura- selective conditions. Single colonies were cells with phosphate-buffered saline, we lysed them in 1.5 ml of
restreaked on selective plates, from which triplicate cultures in 1 lysis buffer (50 mM Tris±Cl [pH 7.5], 150 mM NaCl, 1% NP-40) for
ml selective synthetic galactose medium for each condition were 20 min and then sonicated them six times at 5 s each at setting 2,
inoculated and incubated for 24 hr at 308C. Cells were harvested using a continuous 70% duty cycle of a Branson sonifier. The lysates
by centrifugation, washed, permeabilized by freezing on dry ice, were cleared by centrifugation onto a 30% sucrose cushion for 10
and assayed for b-galactosidase activity in a liquid enzyme assay, min at 5000 rpm in an HB-4 rotor and then incubated with 30 ml of
using ONPG (Sigma) essentially as described in Harshman et al. Ni21 agarose beads (Quiagen) for 90 min on a wheel. After three
(1988). Enzyme activities were normalized to cell number as mea- washes with lysis buffer, complexed proteins were eluted by incuba-
sured by the optical density of the cell suspension at 600 nm. tion with 2 3 100 ml of 50 mM Tris±Cl [pH 7.5], 1 M NaCl, 1% NP-
40, for 30 min each. Eluate (150 ml) was diluted with 850 ml of 50
mM Tris±Cl [pH 7.5], 1% NP-40, and incubated overnight with 10Transactivation Assays in Avian Cells
QT6 cells (2.5 3 105 cells/35 mm plate) were transfected by the ml of protein G±sepharose (Pharmacia) that had been preloaded
with 4 mg of aHA mouse monoclonal 12CA5-I (Babco). After threecalcium phosphate coprecipitation procedure (Graham and van der
Eb, 1973) using 0.5 mg reporter and the indicated amount of expres- washes with lysis buffer, proteins were eluted from the beads with
20 ml of sample buffer and analyzed by SDS±PAGE, as describedsion plasmids per sample. HD3 cells (2 3 106 cells/35 mm dish)
Cell
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for the in vitro assays. All experiments were performed at 48C in the Bengal, E., Ransone, L., Scharfmann, R., Dwarki, V.J., Tapscott,
S.J., Weintraub, H., and Verma, I.M. (1992). Functional antagonismpresence of protein inhibitor mix.
between c-Jun and MyoD proteins: a direct physical association.
Cell 68, 507±519.Northern Blot Hybridization
RNA was isolated either by the method of Chomczynsky and Sacchi Berben, G., Dumont, J., Gilliquet, V., Bolle, P.A., and Hilger, F. (1991).
(1987) or by the RNeasy kit (Qiagen). Tissues were flash-frozen by The YDp plasmids: a uniform set of vectors bearing versatile gene
immersion into liquidnitrogen immediately after excision andground disruption cassettes for Saccharomyces cerevisiae. Yeast 7,
to a powder. After addition to the guanidinium buffer, cell lysates 475±477.
were homogenized by being forced several times through a 22G
Beug, H., Doederlein, G., Freudenstein, C., and Graf, T. (1982a).needle. Total RNA (20 mg) was separated by electrophoresis at 4
Erythroblast cell lines transformed by a temperature-sensitive mu-V/cm through a 1% agarose, 0.66 M formaldehyde gel and trans-
tant of avian erythroblastosis virus: a model system to study ery-ferred to N-Hybond membranes (Amersham) by capillary elution
throid differentiation in vitro. J. Cell. Physiol. Suppl. 1, 195±207.(Sambrook et al., 1989). Probes were labeled by the random priming
Beug, H., Palmieri, S., Freudenstein, C., Zentgraf, H., and Graf, T.method (Feinberg and Vogelstein, 1984) using 10 ng linearized DNA
(1982b). Hormone-dependent terminal differentiation in vitro ofand 50 mCi 32P-adCTP per reaction. Unincorporated nucleotides
chicken erythroleukemia cells transformed by ts mutants of avianwere separated by centrifugation through a 1 ml Sephadex G-50
erythroblastosis virus. Cell 28, 907±919.column (Pharmacia). The mafB probe was prepared from a 950 bp
fragment covering the full coding sequence; the c-ets probe was Beug, H., Leutz, A., Kahn, P., and Graf, T. (1984). Ts mutants of E26
prepared from a 200 bp fragment of the 39 untranslated region or leukemia virus allow transformed myeloblasts, but not erythroblasts
a 1.5 kb fragment covering the full coding region of p68ets-1. Adult or fibroblasts, to differentiate at the nonpermissive temperature.
a- and b-globin probes were prepared as described in Kraut et al. Cell 39, 579±588.
(1994). The TfR probe was generated from a fragment covering Bohmann, D., Ellis, M.C., Staszewski, L.M., and Mlodzik, M. (1994).
nucleotides 1564±2086 of the 39 untranslated region of the chicken Drosophila Jun mediates Ras-dependent photoreceptor determina-
gene (Chan et al., 1989); the GAPDH probe was generated from a tion. Cell 78, 973±986.
fragment spanning the coding region of the chicken cDNA (Dugaic-
Bonnerot, C., Rocancourt, D., Briand, P., Grimber, G., and Nicolas,zyk et al., 1983). Filters were hybridized according to Church and
J. F. (1987). A beta-galactosidase hybrid protein targeted to nucleiGilbert (1984), washed under high stringency conditions, and ex-
as a marker for developmental studies. Proc. Natl. Acad. Sci. USAposed to X-ray film.Band intensity was quantified using the National
84, 6795±6799.Institutes of Health image 1.55 program.
Brunner, D., Ducker, K., Oellers, N., Hafen, E., Scholz, H., and
KlaÈmbt, C. (1994). The ETS domain protein pointed-P2 is a targetStable Transfection of HD3 Erythroblasts
of MAP kinase in the sevenless signal transduction pathway. NaturePlasmid (10 mg) containing both LTR±MafB and SV40 early pro-
370, 386±389.moter±NeoR cassettes, or the control construct lacking MafB coding
regions, were electroporated into 107 HD3 cells and plated into Chan, L.-N. L., Grammatikakis, N., Banks, J.M., and Gerhardt, E.M.
methyl cellulose-containing medium in the presence of 3.2 mg/ml (1989). Chicken transferrin receptor gene: conservation 39 noncod-
G418 sulphate (GIBCO BRL). Resistant colonies were picked after ing sequences and expression in erythroid cells. Nucl. Acids Res.
13 days and expanded in medium containing 2.4 mg/ml G418. Ex- 17, 3763±3771.
pression of MafB was monitored by Northern hybridization and Chomczynsky, P., and Sacchi, N. (1987). Single-step method of
Western blotting. For the differentiation assays, cells were seeded RNA isolationby acid guanadinium±thiocyanate±phenol±chloroform
at 3 3 105/ml and incubated at either 358C or 428C. At each timepoint, extraction. Anal. Biochem. 162, 156±159.
cells were counted in a Coulter counter and stained for hemoglobin
Church, G.M., and Gilbert, W. (1984). Genomic sequencing. Proc.expression with benzidine at acid pH (Orkin et al., 1975). A total of
Natl. Acad. Sci. USA 81, 1991±1995.200±300 cells per sample were evaluated.
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